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Abstract This paper reports the glutenin diversity of a
collection of 23 wild populations of the grass Brachypo-
dium distachyon collected in the Mediterranean and
southern areas of the Iberian Peninsula. The plant material
studied included the three different cytotypes of this spe-
cies: 2n = 10, 2n = 20 and 2n = 30. A specific method of
extraction was used to isolate the glutenin subunits from
the caryopsis. Separation by sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) showed
them to correspond to wheat low-molecular-weight glute-
nin subunits (LMW-GS). Twenty-two LMW-GS–like were
identified that showed great diversity within and between
populations. All the populations investigated were poly-
morphic for the endosperm proteins studied. The 2n = 30
forms had the largest number of subunits; these were also
more diverse than those of the 2n = 10 or 2n = 20 forms.
The 2n = 10 forms, the most common in the higher,
interior areas of the Iberian Peninsula, showed the smallest
subunit variation. In fact, negative correlations were found
between subunit diversity and altitude and longitude. In
contrast, a positive correlation was detected with the
annual average temperature and the indices of thermicity
and Mediterraneity. The similarity between the populations
was estimated using the Sorensen–Dice coefficient, calcu-
lated on the basis of the presence/absence of the 22
LMW-GS proteins. The similarity indices were used to
produce a dendrogram using the unweighted pair-group
method with arithmetic means (UPGMA). This method
produced three main groups corresponding to the three
cytotypes. An analysis was made of the possible correlation
between eco-geographic and climatic factors and the gene
diversity and polymorphism shown in the populations. The
diversity correlated positively with the number of chro-
mosomes (2n), annual mean temperature, index of therm-
icity and index of Mediterraneity. In contrast, diversity
correlated negatively with altitude, longitude and index of
precipitation during the summer. The number of chromo-
somes correlated negatively with altitude, longitude and
precipitation during summer and positively with all the
other climatic indices. These results are coherent with
the fact that diploid forms were more common in areas of
the interior and at higher altitude, where the climate is
more extreme.
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Introduction
Brachypodium distachyon (L.) P. Beauv., a self-pollinating
species, is fast emerging as a powerful model for studying
the grass family, including wheat and other temperate
grasses. As a model it offers several attractive attributes
such as a small (*300 Mbp), recently sequenced genome
(International Brachypodium Initiative, 2010) and a short
lifecycle (Higgins et al. 2010). In addition it can be easily
transformed.
Several investigations have shown Brachypodium to be
closely related to wheat and other small grain cereals such
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as barley and oat (Catalan et al. 1997; Catalan and
Olmstead 2000). The close phylogenetic relationship
between Brachypodium and wheat is also reflected in the
strong similarity of their gene sequences (Ozdemir et al.
2008). Indeed, there is a general coincidence in the order
of Brachypodium genes and those of the other species of
the tribe Triticeae, while the genome size is similar to
that of rice. Brachypodium is therefore seen as a
‘‘bridge’’ between rice and the Triticeae tribe. Various
molecular phylogenetic analyses have shown that Brac-
hypodium diverged from the ancestral stock of Pooideae
immediately prior to the radiation of the modern ‘‘core
pooids’’ (Catalan et al. 1997; Catalan and Olmstead
2000; Draper et al. 2001). It is also ancestral, but equally
related to, Avena and Triticum (Kellogg 2001; Huo et al.
2009).
The species of the genus Brachypodium have small
chromosomes of variable number (x = 5, 7, 8, 9 or 10),
making them unusual among the members of the Pooideae,
which tend to have large chromosomes and base number of
7 (Shi et al. 1993; Draper et al. 2001; Hasterok et al. 2004,
2006; Idziak and Hasterok 2008; Garvin et al. 2008).
Although ecotypes of B. distachyon with 10, 20 and 30
chromosomes have been described, some authors have
indicated that these numbers do not represent a simple
autopolyploid series (Robertson 1981). The 2n = 10 and
2n = 20 ecotypes appear to be diploids, and it is generally
assumed that the 2n = 30 forms must be allotetraploids
produced by the addition of the 2n = 10 and 2n = 20
genomes (Hasterok et al. 2004; Filiz et al. 2009). The
2n = 20 and 2n = 30 forms of Brachypodium are easily
distinguished by visual examination from the 2n = 10
form (Vogel et al. 2009).
B. distachyon has a rapid generation cycle under opti-
mized conditions (8–12 weeks), does not grow very tall
(20–30 cm) at high planting densities, requires few
demanding growth resources, shows good environmental
adaptation (Vogel et al. 2009) and the 2n = 10 forms do
not require vernalization (Draper et al. 2001; Ozdemir
et al. 2008; Vogel et al. 2006). The species B. distachyon
has been used to protect rural soils from erosion, especially
in slope areas where water runoff, wind and other agents
cause soil loss. Recently, some varieties of B. distachyon
have been marketed in Spain to protect olive groves from
erosion (Soler et al. 2004).
Despite the substantial body of knowledge now accu-
mulated on Brachypodium, little is known about the bio-
chemical composition and variability of its grain.
Brachypodium seeds are typical of the Poaceae family with
caryopses smaller than all other grass species (Opanowicz
et al. 2008). The major grain components are seed storage
proteins, which account for about 60–80% of total protein
load, depending on species and variety. When classified
according to their solubility, the grain storage proteins of
cereals fall into three fractions: water-soluble albumins,
dilute saline-soluble globulins and prolamins that are sol-
uble in alcohol/water solutions under reducing conditions
(Shewry and Tathan 1995). Laudencia-Chingcuanco and
Vensel (2008) studied the grain filling process and seed
storage proteins of B. distachyon grains and reported
globulins to be the major protein components. Recently,
Larre´ et al. (2010) showed that B. distachyon lacks albu-
mins; globulins and prolamins are the main seed storage
proteins. The globulins are represented mainly by the 11S
type, their solubility properties being very similar to the
glutelin found in rice. However, the study of Larre´ was
restricted to a single diploid inbred line isolated from the
original accession Bd21 by Vogel and Hill (2008). More
recently, Wang et al. (2010) studied the composition of the
grain proteins of 13 B. distachyon accessions (three with
2n = 10, and ten with 2n = 30) and reported the major
storage proteins in these plants to be wheat low-molecular-
weight glutenin subunit-like (LMW-GS-like proteins) and
globulins. A few high-molecular-weight glutenin subunits
(HMW-GS) produced at low expression levels are also
present. For a deeper knowledge of the storage proteins of
B. distachyon to be gained, however, more materials need
to be studied, analyzing the degree of diversity of the
storage proteins within and between different wild popu-
lations, and examining the relationship of this diversity
with the number of chromosomes and the ecological,
geographical and climatic conditions of the places where
samples are collected.
The increasing interest in the genetic resources of
Brachypodium has led to several germplasm collections
coming into existence (Doust 2007; Huo et al. 2008; Vain
et al. 2008; Vogel and Hill 2008; Garvin 2007). Knowl-
edge of the genetic diversity in wild populations of
B. distachyon is central to the development of its effective
conservation in genebanks and the use of this primitive
grass in breeding strategies. One of the present authors
(C.S.) undertook several expeditions to different regions of
the Iberian Peninsula and produced a good collection of
natural populations of B. distachyon. A group of these
populations, selected by their differences in terms of eco-
geographic origin and number of chromosomes, formed the
material examined in the present work.
The aim of this study is to characterize the genetic
variability of the endosperm LMW-GS-like proteins in a
collection of wild populations of B. distachyon gathered
in Spain, using two marketed varieties as controls. The
samples examined belong to all three cytotypes (2n = 10,
2n = 20, 2n = 30). The above proteins were character-
ized and an analysis made of their natural diversity in
relation to chromosome number and eco-geographic
variables.




Spain is remarkably rich in wild populations of this species.
In recent years (2000–2008) a number of expeditions were
undertaken to collect samples from wild populations in the
southern and Mediterranean areas of the Iberian Peninsula.
To preserve the original structure of the natural popula-
tions, specimens were collected at random following the
method of Hawkes (1980). A total of 23 wild populations
of B. distachyon from these different geographic regions
were used as plant material in this work. Two commercial
varieties, ‘Ibros’ (=Bd3107; 2n = 30) and ‘Zulema’
(=Bd3113; 2n = 10), were used as controls. These were
obtained via domestication of natural populations, selecting
uniform lines over several generations to produce a turf for
protection of degraded soils (Soler et al. 2004). Figure 1
shows the geographical location of each accession used in
the present work, while Table 1 records their chromosome
number and main eco-geographic features. The accessions
studied form part of a collection held at the Unit of Plant
Improvement of the Department of Ecology of the Instituto
Nacional de Investigaciones Agrarias (INIA) at the La
Canaleja Research Station (Alcala´ de Henares, Madrid,
Spain). Climatic data were collected at each collection site
from the closest meteorological station. These included the
annual average temperature, the Rivas-Martinez thermicity
index (Rivas-Martı´nez et al. 1990), i.e. It = (T ? m ? M)/
10, annual precipitation in mm (P) and the index of Med-
iterraneity (IM3 = PET June ? July ? August/P June ?
July ? August[ 2.5, where PET is the monthly potential
evapotranspiration of Thornthwaite (1948).
In December 2007, seeds from each accession of
B. distachyon and both commercial lines were planted in
individual 15-cm-diameter plastic pots. Plants were grown
under greenhouse conditions until March. All plants were
then transferred outside the greenhouse until ripening. At
maturity, ears from each plant were bagged to avoid mix-
ture of seeds, and all ears were harvested. Flour was then
made from 10 seeds per plant for 12 plants from each of the
above materials. Caryopses were independently ground in a
mortar. The seeds of Brachypodium are very hard, so liquid
nitrogen was used to facilitate this process. The flour pro-
duced was left for 24 h in an oven at 37C before
extracting the proteins.
SDS-PAGE analysis
To identify the major seed storage proteins, differential
extraction of the total proteins was undertaken followed by
denaturing one-dimensional (1D) SDS-PAGE. The differ-
ential extraction method used was a modification of that
described by Singh et al. (1991). This modification allowed
the gliadins and glutenins to be separated; this work,
however, only reports the analysis of the glutenins.
Two hundred microlitres of solution A (propanol-1 50%
v/v) was added to 20 mg flour extracted from the 10 seeds
taken from single plants. These samples were shaken and
incubated for 1 h in a water bath at 65C before centri-
fuging at 10,0009g for 15 min. The supernatant was
eliminated, and 200 ll solution A was added to the pre-
cipitate. The resulting samples were incubated for 30 min
in a water bath at 65C, centrifuged at 12,0009g for 5 min
and again the supernatant eliminated. Twenty microlitres
of solution B (propanol-1 50% v/v, mixed with 1 M Tris–
HCl; pH 8) and 1% v/v dithiothreitol (DTT) were added to
the pellet to purify the glutenins. The resulting samples
were then shaken and incubated for 30 min in a water bath
at 65C. Solution B (20 ll) and 4-vinylpiridine to 1.4% v/v
were then added and the samples shaken and incubated for
15 min in a water bath at 65C. Finally, the samples were
centrifuged at 10,0009g for 2 min, and the supernatant,
corresponding to the glutenin fraction, was recovered.
Twenty microlitres of the supernatant was then mixed with
20 ll solution C (0.2 g SDS, 4 ml glycerol, 2 mg bromo-
phenol blue, 0.8 ml Tris–HCl 1 M; pH = 8) to produce
samples for electrophoretic analysis.
The protein samples of the 12 individual plants from
each of the studied materials were separated on SDS-PAGE
gels. Multimark proteins (Invitrogen) were used as
molecular weight markers. Triticum aestivum cv. ‘Chinese
Spring’ was used to provide a reference glutenin pattern.
The SDS-PAGE method followed required the preparation
of polyacrylamide gels with two different concentration
areas: 3% acrylamide in the stacking area, and 12% in the
separation zone. A constant voltage of 20 mV was applied
to the stacking area. This was increased to 40 mV when the
visualization medium approached the start of the separation
zone. The gel was stained with a mixture of Coomassie
blue G, Coomassie blue R, acetic acid, ethanol and tri-
chloroacetic acid. The gels were washed with distilled
water to eliminate excess dye, photographed and the ima-
ges digitized.
Study of gels and data analysis
The total glutenins of the studied materials were examined
independently. Following electrophoretic separation, the
glutenin-like proteins were analyzed. Only LMW-GS
bands were analyzed in the present study, using T. aes-
tivum cv. ‘Chinese Spring’ as control. Variability was
investigated by analysis of the presence/absence of each
band in the electrophoretic profiles. A total of 22 bands
were identified; these were numbered from 1 to 18A from
top to bottom in the gels (bands 9, 17 and 18, which
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initially were considered as single bands, were later
subdivided into two: 9 and 9A, 17 and 17A, 18 and 18A,
due to perceivable differences of migration; 17 and 17A,
18 and 18A never coincided in the same plant). The
presence/absence of each glutenin, the frequency of each
in the set of plants analyzed per population, the different
electrophoretic profiles and the pattern for each accession
were recorded. A data matrix using ‘‘1’’ for presence
and ‘‘0’’ for absence of each glutenin was constructed.
A second matrix for the frequency of each band was also
produced.
Factorial analysis of correspondences was used to
examine the inter-population distances and the influence of
each variable (proteins, eco-geographic factors and chro-
mosome number) on the grouping of populations.
The similarity between the populations was reflected
using the Sorensen–Dice coefficient (Sorensen 1948) cal-
culated from the binary data (presence/absence) matrix for
the 22 proteins. These similarity indices were used to
produce a dendrogram using the unweighted pair-group
method with arithmetic means (UPGMA) (Sneath and
Sokal 1973). The NTSYS package was used for all anal-
yses (Rolf 1994).
Analysis of within- and among-populations LMW-GS
diversities were conducted using Nei’s index of heteroge-
neity. The average diversity for all the LMW-GS studied
was estimated considering the frequencies of each band in
all loci in the 23 natural populations analyzed.
Chromosome preparations
Seeds of plants from each wild population and the com-
mercial lines of B. distachyon were germinated on moist
filter paper for 24 h at 25C. They were then left at 4C for
72 h and returned to a temperature of 25C for 24 h in
order to synchronize cell divisions in the root tips. The
roots were excised and pre-treated in cold water for 24 h
before fixation in ethanol/acetic acid (3:1). Before
squashing, the pretreated roots were fixed in a solution of
3:1 ethanol/acetic acid, washed and transferred to an
enzyme solution containing 2% cellulose and 20% pec-
tinase. Chromosome preparations were made by squashing
the meristem of the root in a drop of 45% acetic acid on a
clean microscope slide. After removal of the coverslips by
freezing, the slides were air-dried, stained with the DNA-
binding fluorochrome 40,6-diamidino-2-phenylindole (DAPI),
and examined using a Zeiss Axiophot epifluorescence
microscope.
FISH, GISH, probes and labelling
The DNA probes used in these analyses were pTa71, a 9-kb
fragment from T. aestivum containing the 18S ribosomal
DNA (rDNA) sequence including the intergenic spacers
(Gerlach and Bedbrook 1979), and pTa794 (a 410-bp
fragment also from wheat containing the 5S rDNA-
gene repeat unit) (Gerlach and Dyer 1980). Genomic
Fig. 1 Geographic distribution
of 23 collection sites throughout
Spain
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in situ hybridization (GISH) was used to characterize
the type of DNA present in the 2n = 30 forms. For this,
DNA from both 2n = 10 and 2n = 20 plants were
used as probes. DNA was isolated from B. distachyon
Bd3113 (2n = 10) and Bd129 (2n = 20) using the
DNeasy Plant extraction kit (Qiagen). Probes were
labelled with digoxigenin or biotin by nick translation
(pTa71 and genomic DNA) and polymerase chain reac-
tion (PCR) (pTa794). The digoxigenin and biotin were
detected using anti-digoxigenin fluorescein isothiocya-
nate (FITC) conjugate (green) and streptavidin-Cy3 (red),
respectively.
Preparations and probe denaturation, in situ hybridiza-
tion, post-hybridization washing, and detection were all
performed according to Cuadrado et al. (2004).
Fluorescence microscopy and imaging
Slides were examined using a Zeiss Axiophot epifluores-
cence microscope. The separate images from each filter set
were captured using a cooled charge-coupled device
(CCD) camera (Nikon DS). Images were optimized for
contrast and brightness using Adobe Photoshop.
Results
The chromosome number of the plants belonging to each
population was initially analyzed by DAPI staining. This
allowed the populations to be classified into the three
known cytotypes which have 10, 20 or 30 chromosomes
(Table 1). The 2n = 10 cytotype had three pairs of dis-
tinguishable chromosomes and another two smaller,
indistinguishable pairs. The chromosomes of the 2n = 20
cytotype were of similar size and indistinguishable, but
smaller than those of the 2n = 10 forms. Finally, the
2n = 30 cytotype seemed to have two groups of chromo-
somes similar to those of the 2n = 10 plus 2n = 20
cytotypes.
Of the 23 populations analyzed, 8 were of the 2n = 10
cytotype (Bd160, Bd162, Bd169, Bd700, Bd701, Bd900,
Bd1200 and Bd3113), 4 were of the 2n = 20 cytotype
Table 1 Original identities,
geographic data, source of the
ecotypes, number of
chromosomes and climatic
variables of the habitats of the
23 wild populations and two
marketed varieties of
B. distachyon studied. Controls:
Bd3017 (=‘Zulema’) and
Bd3113 (=’Ibros’).




Locality (province) 2n Alt. (m)
Bd160 3885700000/283105900 Bonillo (Albacete) 10 1,035
Bd162 3585600000/285300000 Sego´briga (Cuenca) 10 830
Bd169 3784300000/285900000 Sierra de Cazorla (Jae´n) 10 905
Bd700 4085503400/285502900 Jadraque (Guadalajara) 10 701
Bd701 4083704700/380905900 Guadalajara (Guadalajara) 10 900
Bd900 4083603600/380301600 Lupiana (Guadalajara) 10 700
Bd1200 4180401000/283803200 Sigu¨enza (Guadalajara) 10 1,200
Bd3113 3585600000/285300000 Sego´briga (Cuenca) 10 830
Bd114 3785900000/382800000 Baeza (Jae´n) 20 661
Bd115 3884000000/282900000 Alcara´z (Albacete) 20 949
Bd129 3782000000/384700000 Moclı´n (Granada) 20 1,084
Bd485 3884401800/081305600 Cabo de la Nao (Alicante) 20 42
Bd146 3880800000/485400000 Villaharta (Co´rdoba) 30 759
Bd176 3783500000/483500000 Co´rdoba (Co´rdoba) 30 445
Bd217 3782702800/281405700 Oria (Almerı´a) 30 829
Bd220 3685103400/283704600 Enix (Almerı´a) 30 540
Bd238 3684802500/485401100 Casarabonela (Ma´laga) 30 575
Bd250 3782605500/280901300 Albox (Almerı´a) 30 636
Bd260 3685802600/484003500 Abdalajis (Ma´laga) 30 528
Bd341 3880004900/683100600 Can˜averal de Leo´n (Huelva) 30 546
Bd343 3785205000/680805400 Arroyo de la Cala (Sevilla) 30 365
Bd361 3881203700/480104800 Nuestra Sra. de la Cabeza (Co´rdoba) 30 651
Bd409 3981405600/180305900 Cofrentes (Valencia) 30 452
Bd486 4181004000/-182802800 Roda de Bara´ (Tarragona) 30 23
Bd3107 3783500000/483500000 Co´rdoba (Co´rdoba) 30 445
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(Bd114, Bd115, Bd129 and Bd485), and the remaining 13
were of the 2n = 30 cytotype (Bd146, Bd176, Bd217,
Bd220, Bd238, Bd250, Bd260, Bd341, Bd343, d361,
Bd409, Bd486 and Bd3107). It should be noted that the
populations from the higher interior of the Iberian Penin-
sula were more commonly diploid (2n = 10) (samples
collected in the Provinces of Jae´n, Albacete, Cuenca and
Guadalajara; see Fig. 1).
The prolamins of a total 289 plants belonging to all the
studied cytotypes were examined by denaturing SDS-PAGE.
Twenty-two main bands, ranging from 22.14 to 89.2 kD,
were clearly visualized (Fig. 2). The pattern of bands varied
between plants belonging to the same population and
between populations. The number of bands for the 2n = 10
plants varied from 4 to 8, that of the 2n = 20 plants from 3 to
10 and that of the 2n = 30 plants from 5 to 11. These proteins
have similar patterns in the LMW-GS region as Triticum
aestivum cv. ‘Chinese Spring’ but lack clear protein bands in
the HMW-GS region. The number of total proteins by pop-
ulation varied from 4 (Bd160, Bd162, Bd1200 with 2n = 10)
to 16 (Bd409, 2n = 30) or 17 (Bd220, 2n = 30). Some
proteins, such as LMW-GS 1, 9A, 10 or 10A, were present in
very few populations. Others, such as LMW-GS 11 or 12,
were absent in some populations. In general, each population
showed a predominant pattern of glutenin subunits and each
population was characterized by a mixture of a small number
of different patterns. LMW-GS 11, 12, 17 and 18A were the
most common among the material examined, and LMW-GS
1, 2, 6, 9, 9A, 13, 14 and 15 the least common. LMW-GS 10
was only present in the diploid accession Bd169. LMW-GS
17 and 17A and 18 and 18A showed a pattern of presence/
absence mutually excluding.
The 22 distinguishing proteins constitute a set of
markers that could be used in the analysis of the diversity
Fig. 2 The glutenins of B. distachyon. a Patterns of LMW-GS in
different plants of three wild populations with 2n = 10. Marks in
green indicate bands that are present in forms with 2n = 10 and
2n = 30, but absent in 2n = 20; b variation of storage proteins from
total caryopses of different plants of Bd129 (2n = 20). Marks in red
indicate bands that are present in forms with 2n = 20 and 2n = 30,
but absent in 2n = 10. c Variation of storage proteins from total
caryopses of 14 plants of Bd250 (2n = 30). CS glutenins of
T. aestivum cv. ‘Chinese Spring’, M molecular weight markers
104 R. Hammami et al.
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within and between populations. Table 2 summarizes the
LMW glutenin diversities conducted by Nei’s index, taking
into account the set of bands detected in the 12 plants
analyzed in each population. The populations have been
ordered according their cytotypes. The final rows of each
group present the average Nei index for the set of protein
subunits in the different cytotypic groups. The last column
records the mean heterogeneity index for each population,
which varied from 0.01 to 0.44. Interestingly, the 2n = 10
forms showed the lowest Nei indices (from 0.01 in Bd701
and Bd900 to 0.09 in Bd160 and Bd169, with average of
0.05), whereas those with largest number of chromosomes
were the most heterogeneous having higher Nei indices
(average of 0.12 and 0.17 for the cytotypic groups of
2n = 20 and 2n = 30, respectively.
Of the 22 total LMW-GS found in the 23 natural popula-
tions analyzed, only subunit 10 was specifically found at the
2n = 10 level (Bd169). A maximum of 21 bands was recor-
ded for the 2n = 30 forms. Of the LMW-GS, 1, 9A and 15
were present in the 2n = 10 forms and absent in the 2n = 20
forms, 2, 3, 10A, 13, 17A and 18 were present in the 2n = 20
forms but absent in the 2n = 10 forms, and 4, 5, 6, 7, 8, 9, 11,
12, 14, 16, 17 and 18A were common to all forms. The con-
fluence in the 2n = 30 forms of different proteins found in the
2n = 10 and 2n = 20 forms sustains the hypothesis of the
origin of the 2n = 30 forms in the addition of the chromo-
somal complements of the 2n = 10 and 2n = 20 forms.
Figure 3 shows an example of the results obtained with
population Bd146 (2n = 30) after FISH with the rDNA
probes pTa71 and pTa794, followed by reprobing the same
chromosome preparations with genomic DNA from
Bd3113 (2n = 10) and Bd129 (2n = 20). FISH with
pTa71 and pTa794 showed four signals each on eight
different chromosomes. The pTa71 signals, two stronger
and two weaker, were located at the distal region of two
pairs of small chromosomes. The stronger 5S rDNA locus
was found in a proximal region of a medium metacentric
chromosome, while the fainter one was visualized in the
distal region of a small pair of chromosomes (Fig. 3a).
After reprobing with 2n = 10 cytotype genomic DNA, two
groups of chromosomes became distinguishable via their
fluorescence patterns. Twenty small chromosomes showed
fluorescence signals exclusively around the centromeres,
and 10 chromosomes of different sizes showed a dispersed
pattern of signals along the length of their arms (Fig. 3b).
Reprobing metaphase chromosomes of 2n = 30 plants
with 2n = 20 cytotype genomic DNA revealed signals
exclusively localized at the centromeres of 20 small
chromosomes. The merged images clearly distinguished
two groups of differentiated chromosomes, 10 larger ones
of different size and 20 smaller ones of similar size.
Comparison of the results of the sequential hybridization
experiments showed that the faint pTa71 and the proximal
pTa794 signals were located on chromosomes belong to
the group of 10 chromosomes, while the stronger signals
observed with pTa71 and the distal pTa794 mapped to
chromosomes of the 20 chromosome group (compare
Figs. 3a and 3b).
The data matrix on the presence/absence of the 22
LMW-GS in each population was used to compute the
output matrix of Dice’s similarity coefficient for interval
measure among populations of all cytotypic groups. The
coefficients were used to produce a cluster using the
unweighted pair-group method (UPGMA). The data
derived from the analysis of similarity were used to con-
struct dendrograms. The dendrogram of Fig. 4 is based on
Dice’s coefficient (other functions were also essayed, such
as Jaccard, giving a similar dendrogram). The following
should be noted: (a) there is considerable ramification,
reflecting the great variation both within and between
populations for the endosperm proteins; (b) two well-
defined groups separating the 2n = 10 forms from the
2n = 20 plus 2n = 30 forms can be clearly appreciated;
(c) the branch that groups the populations with more than
10 chromosomes shows two clear subgroups separating the
populations with 2n = 20 (upper part of the dendrogram)
and 2n = 30 forms (middle of the dendrogram) (Fig. 5).
Discussion
The oldest classification of wheat seed proteins is based on
their different dilution properties (Osborne 1924) and
involves four main fractions: albumins (soluble in water),
globulins (soluble in saline solutions), gliadins (soluble in
diluted alcohol) and glutenins (soluble in acid solutions or
alkalis). Even though the four types show clear biochem-
ical differences, their solubility in different solvents is not
absolutely discriminatory. The major protein groups of the
endosperm of wheat are the glutenins and gliadins, which
together are known as prolamins owing to their high con-
tent of proline and glutamine. They make up about 80% of
the total protein of the grain, are synthesized in the endo-
plasmic reticulum in the final stages of maturation and are
deposited as the main nitrogen reserve in the cytoplasm in
the form of ‘‘protein bodies’’ for mobilization and use
during germination (Shewry and Mifflin 1985).
A recent study on major seed storage proteins in a
diploid accession of this species reports the main protein
component to involve the 12S and 7S globulin types
(Laudencia-Chingcuanco and Vensel 2008). A subset of
the major seed proteins isolated from three hexaploid
accessions was been also identified as globulins. Larre´
et al. (2010) recently studied the protein composition of
caryopses of a 2n = 10 accession of Brachypodium by
separating the proteins on the basis of their solubility,





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































106 R. Hammami et al.
123
combining this with proteomic analyses. These authors
detected globulins and prolamins, but no albumins. Glob-
ulins were represented mainly by the 11S type, and their
solubility properties corresponded to the glutelin found
in rice. Wang et al. (2010) found abundant wheat LMW-
GS-like proteins and a few HMW-GS with low levels
of expression in three 2n = 10 and 10 accessions of
B. distachyon with 2n = 30 analyzed by SDS-PAGE and
other techniques. In total, more than 20 different bands in
the LMW-GS region and 15 albumin proteins were iden-
tified in these materials.
The present study followed a specific method to extract
the glutelins, which were then separated by SDS-PAGE. The
result was the identification of at least 22 distinguishable
bands corresponding to the wheat LMW-GS-like proteins.
These showed a high degree of variability within and between
Fig. 3 Confirmation that the 2n = 30 B. distachyon cytotype is of
alloploid origin. a FISH of the rDNA probes pTa71 (four red signals)
and 5S rDNA pTa794 (four green signals) to metaphase of Bd146
(2n = 30). b The same metaphase after reprobing with genomic DNA
from Bd3113 (2n = 10) (green) and Bd129 (2n = 20) (red signals).
Scale bar = 10 lm
Fig. 4 Dendrogram grouping
23 wild populations of
B. distachyon inferred from the
presence/absence of each
glutenin subunits in 12 plants
per population. The commercial
lines ‘Ibros’ (3107) and
‘Zulema’ (3113) were included
as controls
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the 2n = 10, 2n = 20 and 2n = 30 accessions investigated.
These proteins must be considered wheat LMW-GS-like due
to the method of extraction that released them and their cor-
respondence with the proteins characterized by Wang et al.
(2010).
Protein variability in the populations of B. distachyon has
been poorly documented to date. The present work, however,
reveals the great variation of endosperm proteins shown
across the species. A population is considered polymorphic
when there is variation in at least one band and/or pattern in
at least one individual in a population (Ası´ns and Carbonell
1986; Soler et al. 1993). In agreement with this criterion,
all the natural populations investigated can be classed as
polymorphic for the endosperm proteins studied.
The 2n = 30 forms showed the greatest diversity, fol-
lowed by the 2n = 20 and finally the 2n = 10 forms.
According to Nevo (1978), the variability found in autog-
amous species could be due to their location. Thus, those
populations with wide distributions ought to be relatively
more polymorphic and heterogeneous than those with more
restricted distributions. The natural populations of an aut-
ogamous species tend to be constituted by homozygous
genotypes. The LMW-GS-like proteins observed in the
natural populations of B. distachyon indicate the existence
of a mixture of plants within each population, although
there was always a predominant pattern. The different
patterns might represent distinct homozygous genotypes,
which might be maintained from one generation to the next
as pure lines by self-pollination. Certainly, the natural
populations of B. distachyon showed more variation than
expected with regard to their autogamous breeding system.
In agreement with Stebbins (1975), it is to be expected that
when an autogamous species extends towards new habitats
that it should establish a greater number of different lines
than would a population that for generations has remained
in the same habitat. This might be the circumstances of the
populations of B. distachyon in the Iberian Peninsula, near
the limit of the species’ distribution. It is also possible,
however, that the difference in variability is the conse-
quence of different degrees of allogamy influenced by
environmental factors (Sanders and Hamrick 1980; Schoen
and Clegg 1985; Golenberg 1988; Monte et al. 1999; Nieto
et al. 2000, 2003).
Vogel et al. (2009) characterized the natural diversity in
Turkish populations of B. distachyon using simple
sequence repeat (SSR) markers and demonstrated that
under growth chamber and greenhouse conditions the
flowers of 2n = 10 plants rarely open. Only under certain
environmental conditions (warm and humid in full sun)
were open flowers observed on 2n = 10 plants growing
outside greenhouse. The same authors monitored the rate of
pollen flow using potential transgenic pollinators and
demonstrated that the rate of outcrossing under laboratory
conditions is exceedingly small. The same authors reported
that ‘polyploid’ forms show exerted anthers, which could
imply the existence of allogamy in these cases. This, and
the possession of duplicated genomes, could explain why
the 2n = 30 plants present more diversity.
To analyze the influence of eco-geographic and climatic
factors in the distribution of the studied populations,
Fig. 5 Correspondence
analysis displaying the
distribution of 23 wild
populations of B. distachyon.




themselves in two sub-groups
that delimit the forms of
2n = 10 from the others
(2 n = 20 and 2n = 30). The
forms with 2n = 20 have been
marked with asterisk
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analysis of correspondence was performed using a two-way
contingency matrix that included the number of chromosomes
and the data of six geographic and climatic variables corre-
sponding to the sites of natural populations. The results indi-
cate the main factors that influence the three first axes of
correspondence (96.58% of the total variance) to be altitude,
latitude, summer precipitation, the index of Mediterraneity,
the thermicity index and the annual mean temperature.
An analysis was then made of the possible correlation
between the mentioned eco-geographic and climatic factors
and the diversity shown by the endosperm proteins in the
populations, represented by the Nei index (Table 3). The
diversity correlated positively with the number of chro-
mosomes (2n), annual mean temperature, index of therm-
icity and index of Mediterraneity. In contrast, diversity
correlated negatively with altitude, latitude and index of
summer precipitation. The number of chromosomes cor-
related negatively with altitude, latitude and summer pre-
cipitation and positively with all the other climatic indices.
These results are coherent with the fact that diploid forms
were more common in the populations collected from the
interior and at higher altitude, where the climate is more
extreme.
The present study highlights the habitat preferences
and degree of heterogeneity shown by the forms of
B. distachyon with different numbers of chromosomes as
determined by DAPI staining, FISH and GISH. The two
small pairs of chromosomes of the 2n = 10 cytotype bear a
45S locus in the distal region of the short arm and a major
5S rDNA locus in the proximal region of the long arm.
These sequences are located in the distal regions of two
different pairs of chromosomes in the 2n = 20 cytotype.
The chromosomes of the 2n = 20 form are considerably
smaller than those of the 2n = 10 form. The 2n = 30
cytotype shows the same characteristics of chromosome
size and positioning as the 45S and 5S rDNA sequences of
both the 2n = 10 and 2n = 20 forms, suggesting it to be
alloploid in origin as proposed by Hasterok et al. (2004).
These differences seem to corroborate the proposal
made by Hasterok et al. (2004) that the forms of Brac-
hypodium with different chromosome number be separated
into different taxonomic units. This separation has also
been suggested on the basis of C-values and the different
size of the sets of chromosomes observed by FISH. Has-
terok et al. (2004) used FISH to analyze different acces-
sions of Brachypodium and found the 2n = 20 forms to
have small chromosomes more similar to those of
B. sylvaticum than to the larger chromosomes found in
2n = 10 accessions of B. distachyon. Moreover, 2n = 30
accessions are reported to have C-values approximately
twice as large as those for the 2n = 10 forms (Vogel et al.
2006), and their karyotypes seem to represent the addition
of the chromosomes of the 2n = 10 and 2n = 20 forms.
All this suggests that the 2n = 30 forms are allotetraploids
formed by hybridization between 2n = 10 and 2n = 20
forms, followed by chromosome doubling (Hasterok et al.
2004). Moreover, all three cytotypes with 2n = 10, 20 and
30 chromosomes in this study belong to B. distachyon and
have been collected in the Iberian Peninsula. Thus, the
alloploid origin proposed by Hasterok et al. (2004) is
possible also within B. distachyon with different cytotypes.
The smaller number of endosperm protein subunits shared
by the 2n = 10 and 2n = 20 forms than between either of
the above and the 2n = 30 forms corroborates the possible
allopolyploidal origin of the 2n = 30 forms. Some authors
have already proposed the classification of the different
ploidy forms of B. distachyon as a different species
(Hasterok et al. 2004, 2006; Idziak and Hasterok 2008).
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